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l?ree-oscillationtestsinpitchhave
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beenmadewithanglesof attack
nearzeroonfoursemispan-wingmodelshavingan aspectratioof3.0, a
taperratioof 0.6,and35°sweepbackof thequarter-chordline. Thick-
nessratiosof 6 percentand10.5percentwereinvestigatedandtwomodel
sizeswereused. ThehighesttestMachnumberforthelargermodelswas
0.97witha Reynoldsnumberofabout4 x 106;whereas,thesmalJ.models
weretestedatMachnumbersup to l.~ andReynoldsnunibersofabout
0.5 x 106. Theeffectsof leading-edgeroughnessweredeterminedfor
eachmodel.

Theresultsindicatedthata msrkedlossofdampinginpitchusually
occurredat transonicspeeds.Thesmall-modelresults,whichshowedpoor
agreementwiththelarge-mcdelresultsat lowerspeeds,indicatedthat
thedampingreacheda minimumat aboutMachnuniber1.0andtendedto
improveathigherspeeds.A strongtendencywasobservedfora recip-
rocalrelat@ntoexistbetweentherestoringmomentandthedampingat
transonicspeeds;thatis,an increaseinrestoringmomentwasaccompanied
by a decreaseir-damping.-Buffet@goccurred
zeroandWch numbersabove0.91onthelarge
observedonthethinwing.

INTRODUCTION

at ~gles of,attackne-a
thickwingbutwasnot

Recentincreasesinaircraftflightspeedsandaltitudeshavecaused
increasingdifficultyintheattainmentof satisfactorydampingof longi-
tudinaloscillations.Thelowairdensityencounteredathighaltitudes
leadsto lowaerodynamicdampingforces.Also,smallchangesinWch num-
berat transonicspeedsoftenproducelsrgechangesintheaermiynsmic
parametersaffectingthelongitudinalmotions.lhaddition,someuncon-
ventionalconfigurationsusedforhigh-speedaircrafthaveinherently
poorlongitudinaldampingcharEL&ez%B%zLus.Caseshavebeenobservedin

,
,
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flightbothofrocket-propelledresearchvehicles(ref.1)andofpiloted
aircraftinwhichcontinuouslongitudinaloscillations,orporpoisingj
occurredat transonicspeeds.A collectionof theresultsof dAmping-in-
pitchmeasurementsmadeinflightona numberofrocket-propelledresearch
vehiclesandpilotedaircraftis -presentedin reference2..~ese res~ts
indicatethatthedampinginpitchi6likelytobe veryerraticand
unpredictableat transonicspeeds.A morefundamentalstudyisneeded,
therefore,to isolatetheeffectsof individualvariablesondampingin
pitch.Oneapproachto sucha studyiscontainedinreference3 which
presentsa usefultheoreticaltreatmentofthedampinginpitchofwings
supportedby experimentalresultsat subsonicandsupersonicspeeds.The
l.@chnumberrangefrom0.9to 1.2,however,isnottreatedinreference3.
AnexperimentalstudyhasbeeninitiatedintheIangleyhigh-speed7- by
10-foottunnelinwhichanattemptismadeto obtaindamping-in-pitch
informationat lowMft coefficientinthetransonicspeedremge.some
resultsshowingeffectsofthiclmessratio,Reynoldsnumber,andleading-
edgeroughnessarepresentedinthispaper.

Theresultspresentedwereobtainedfromfree-oscillationyitchtig
testsoffoursemispan-wingmodels,allofwhichhadanaspectratio
of3.0,a taperratioof0.6, and35° Sw+?backofthequarter-chord
ltie. Thicknessratiosof6 percentand10.5percentwereinvestigated
andtwomodelsizeswereused. ThehighesttestMachnumberforthe
lsrgemodelswas0.97witha Reynoldsnumberofabout4 x 106;whereas,
thesmallmodelsweretestedatMch numbersup to l.m andReynoldsnum-
bersofabout0.5 x 106. Theeffectsof leading-edgeroughnesswere
determinedforeachmodel.

cm pitching-moment

SYMBOIS

coefficient,
Pitchingmoment

+pv’%
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reducedfrequency

localwingchord,

of oscillation

ft

meanaerodynamicchord,ft

frequencyof oscillation,cps

momentof inertiaofoscillatingmassaboutpitching
axis, slug-ftp

)
springrate,ft-lb/radian

testMachnuniber

localWch nuui%er

&pitchingvelocity,
a(t~)’

radian/see

Reynoldsnumber

areaof (semispan)Wtig,sqft

maximumthicknessofairfoilsection,ft

free-streamveloci~,ft/sec

angleofattack,radians

&rateof changeofangleofattack,
a(ttiY

ra&&n/sec

d(log9.)
logarithmicdecrement,

d(the)
, persecond

free-stresznmassdensi~ofair,slugs/cuft

pitchattitude,radiansor deg

half-amplitudeofoscillation,deg

circularfrequepcy,2nf,radian/see
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MODEL

Foursemispan-wingmodels,

imAPPARATUS

differingonly

NACARM L53G29a

in sizeandthickness
ratio,wereusedintheinvestigation.Pertinentdimensionsofthe
model&aregiveninfigure1. Theairfoilsectionsofthethickmodels,
takenperpendicularto thequarter-chordline,wereNACAw2-63 modi-
fiedbehindthe0.40chordpointto incorporatea slightcuspat the
trailingedge. Theresultingthicknessratiointhestreamwisedirec-
tionwas10.5percent.Theairfoilsectionsof thethinmodelswere
proportionatelyreducedtoprovidea 6-percentstreamwisethickness
ratio.CoordinatesofbothairfoilsectionsaregivenintableI. For
thetestsofthelsrgemodelswithleading-edgeroughness,No.60 Carbo-
rundumparticleswereappliedtotheupperandlowermirfacesoverthe
forwsxd10percentchord.A smallergrainroughnesswasusedforthe
smallmodels.Foronetest,thelargethickmodelwasfittedwith
trailing-edgestrips1/16inchthickand3/8inchwidefastenedonboth
surfacessothatthedownstreamedgesof thestripswereflushwiththe
trailingedge(seefig.1).

Themodelswereso constructedthatthestiffnesswasrelatively
independentofthicknessratio.Thelargemodelswereof compositewood
andmetalconstructionandthesmallmodelsweremachinedfromsteeland
duraluminforthethinandthickmodels,respectively.

Forboththelargeandsmallmodels,thepitchingaxiswaslocated
at 0017E.Freedominpitchaboutthissxiswasprovidedby a systemof
flexureslocatedinthemodelsupportstructure.Thisflexuresystem
alsoprovidedtheonlyspringrestraintusedinthetests.Themodel
motionswererecordedon filmbyuseofan opticalsystemwhichreflected
a lightbeamfroma mirrormountedonthemodelsu~ortsystemso thata
timehistoryof themrxlelpitchanglewasobtained.

Thesmallmodelsweretestedin conjunctionwitha reflectionplane
whichwasspacedoutfromthetunneltilltobypassthetunnelboundary
layer.Blockageofthereflectionplaneanditssupportproducedsuffi-
cientlocalvelocityoverthesurfaceoftheref-lectionplanetoallow
testsatMachnumbersup to l.~ withoutchokingthetunnel.The
resultingflowfieldisshowninfigure2 by Machnumbercontoursinthe
modelchordplaneforseveraltunnelspeeds.Thesmallmodelswere
fittedwith~- tich-diametercircular-rootendplateswhichwere

recessedintothereflectionplanetoprovidea smoothreflection-plane
surface.The”clearancebetweentheendplateandthereflectionplane
waskeptsmalltominimizeflowleakagearoundthemodelroot.

Forthehrge models,thetunnelwallservedasa reflectionplane.
E&h largemodelwasfittedwithan endplatewhichprojected1 inchfrom
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themodelsurfaceat theroot. Themodelswereinstalledsothatthe
endplatewasspacedabout1/16inchfromthetunnelwall. tiaddition,
a 5-sectionlabyrtithsealwasinstilledoutsidethetunneltorestrict
airleakagethroughthewallat themodelrootandstillallowfreedom
forthemodelstoperformpitchingoscillations.

TESTTECHNIQUEANDREDUCTIONOFDATA

Similartesttechniqueswereusedforbothmodelsizes.Thespring
constantoftheflexuresupportswasdeterminedbymeasurementofthe
modeldisplacementsresultingfroma seriesofappliedpitchingmoments.
Thesemeasurementsweremadebothbeforeandaftertheentireseriesof
testsofeachmodelsize.Wind-offmotionrecordsweremadebeforeand
afterthewind-ontestsof eachmodelconfigurationbyrecordingthe
motionsafterreleasefroman initialmanualdisplacementofabout3°.
Themethodofobtainingwind-onrecordsdependedonthebehaviorof the
model.H stabili~existed,thefreemotionsfollowingreleasefroma
dispkcementofabout3°wererecordedcontinuouslyuntiltheoscilla-
tionamplitudebecameeitherverysnkl.1orrelativelyconstant.If
instabilityexisted,themodelwasreleasedtithzerodisplacementand
theensuingbuildupofoscillationwasrecordeduntilthehalfampli-
tudereachedabout3°. Insomecases,theexistenceof stability
dependedon theoscillationamplitude.Forsuchcases,recordswere
takenwithseveralvaluesof initialdisplacementto definethemodel
behaviorat anyvalueofhalfamplitudelessthan3°. At leasttwo
recordswdremadeateachtestMachnumberinorderto~rovidean indi-
cationof
ofattack

l?rom
amplitude

decrement

experimentalscatter.Alltestsweremadewi”tia meanangle
of zero.

eachrecord,thefrequencyof oscillationandthevariationof
e. withtimeweredetermined.Thevalueofthelogarithmic

d(log9.)
A= wasthenmeasuredfroma fairedplotof loge.

d(time)
plottedagainst&e. ‘Thefollowingformulaswerethenusedto obtain
theresultspresented:

—.. —.—. ——
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and & and ~ refertowind-offvalues.

CorrectionsformodelblockagehavebeenappliedtotheMachnumber
of thelarge-modeltestsbutno otherjet-boundarycorrectionshavebeen
applied.Itisbe~evedthatthetunnelresorumcephenmenon,discussed
inreference4 hadno appreciableeffectontheresultsofthepresent
testsbecause,forthelargemodeb,thetestfrequencywasalwaysless
thanone-thirdtheresonantfrequencyand,forthesmaldmodels,the
nonuniformityofthevelocityfieldinthetestsectionccmibinedwith
theverysmallmodelsizeshouldrendertheresonanceeffectunimportant.

RESULTSANDDISCUSSION

ThevariationofReynoldsnumberwithMachnumberispresentedfor
averagetestconditionsforboththelargeandsmald.modelsinfigure3.

. TheReynoldsnumberofthesma~-modeltestsis solowthatlaminar
separationmaybe expectedtooccurundercertainconditions.Conse-
quently,theusefulnessofthesmall-mcxlelresultsisprobablylimited”
to qualitativeillustrationof theeffectsof increasingthe~ch num-
berabove0.97,theMmit ofthek.rge-modeltests.

Thedynamiccharacteristicsofthelargemodelsandthedamping
parameterofthesmallmodelsarepresentedinfigure4. Valuesof the
reducedfrequencyare-o presented.Theb.rge-modelresultsshow
essentiallyno effectofwingthicknessLeading-edgeroughness,or
trai~~-edgestripsonthedampingcoefficient~+~ at Machnum-

bersbelowO.@.

Thedampingofthelargethinwing(figs.l(a)andl(b))reacheda
maximumatabout0.9Machnumberanddecreasedsharplyas theMachnumber
wasincreasedto 0.97.Therestoringmomentcoefficient~ wasessen-

tiallyconstantforMachnumbersbelow0.9butrapidlybecamemorenega-
tiveathigherMachnumbersindicatinga rearward movementofthecenter
ofpressureastheMachnmber increased.Ieading-edgeroughnesshad
practicallyno effecton thedampingorrestoringmomentsofthiswing.

Thelargethickwingwithsmootiletitiedge(fig.4(c))efiibited
appreciablescatterinthedampingparameterathigh.l@chnumbers.For
thisreasonthedampingcurvewasnotfairedinthisrange.Thescatter
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is.attributedto
quentsectionof
lossofdamping,

buffetingwhichisdiscussedinmoredetailina subse=
thispaper.Theresultsindicatethata si@ficeat
similarto thatobservedwiththethinwing,occurred

atMachnumbersabove0.9. Therestoringmomentcoefficientwasmore
negativethanthatforthethinwing. Addingleading-edgeroughnessto
thethickwing(fig.4(d))causeda rapid@creaseindampingas the
E@chnumberapproached0.91.Athigherspeeds,a staticinstabili~at
lowanglesofattackoccurredtogetherwithbuffetingwhichmadethe
dampingrecordsimpossibletoanalyze.Visualinspectionoftherecords, -
however,indicatedthatthedampingremainedhighatWch numbersup to
0.93,thelimitofthistest. Unpublishedresultsofexploratoryforced-
osci~tiontestsofthiswinghaveshownlargedampingatMachnumbers
UP to 0.96. Addingtrailing-edgestripstothethickwingwithsmooth
leadingedge(fig.4(e))causeda negativeincrementof ~ at all

speeds.On@minor change:inthedampingcharacteristicswereproduced
exceptthata definiteeffectofamplitudewasobservedatMachnumbers
above0.93.Divergingoscillationsoccurredwhentheinitialhalfampli-
tudewasgreaterthan1.>O,whereasforsmalleramplitudestheoscilla-
tions’decayed.

Thesmall-modeldampingresultspresentedinfigures4(a)to4(d)
showverypooragreementwiththecorrespondinglarge-modelcharacter-
istics. Thesmallthinwingwithsmoothleadingedge(fig.4(a))showed
especiallypooragreementwiththelargemodelandisprobablyuseful
onlyinillustratingthepossiblemagnitudeoftheeffectsofreducing
Reynoldsnumber.SimilarreductionsindsmpingwithdecreasingReynolds
numberareillustrated,tireference5 fora 6-percent-thicktriangular
wingwithfreetransition.Suchreductionswerenotobservedwithfixed
transitioninreference5.

Somesignificanttrendsareevidentintheremainingsmall-model
results(figs.4(b)to4(d)).Thelargelossofdampingwithincreasing
Machnumberstartedat aboutthesamel%h numberasforthelargemodels
andcontinuedtoa Machnumberofabout1.0atwhichpointthedamping
parameterwassmallorpositive.Athigherspeeds.thedampingtendedto
levelofforevenimproveindicatingthepossibilitythatno furtherloss
ofdampingwouldoccurathigherspeeds.

fireference2 itispointedoutthatwingsof45°sweeporless
typicallyexhibitanerraticvariationofdsmpingwithMachnumberinthe
transonicspeedrange.Thepresentsmall-modelresultssupportthis
finding.Reference2 statesalsothat,iftheoreticalestimatesofthe
dampingaremadeat subsonicandat supersonicspeedsandarefaired
smoothlythroughthetransonicrange,theresultingtransonicdamping
estimatesarelikelytobe optimistic.Forthewingconfigurations
examinedinthepresenttests,thereappearstobe a strongtendency
towarda reciprocalrelationbetweentherestoringanddampingmoments
inthetransonicspeedrange;thatis,a decreaseindampingisassociated

————— —..—. —. —
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withan increaseinrestoringmoment.Itispossiblethatrecognition
ofthisrelationbetweendampingandrestoringmomentsmayallowmore
realisticestimationofthetransonicdampingofa particularconfigu-
rationifexperimentalstatic-stabilitydataareavailable.Theexist-
enceofthisrelationwasnotinvestigatedforconfigurationsotherthan
thosereportedinthispaper.

Duringthecourseofthefree-oscillationtestsofthelargemodels
itbecameapparentthatthebehaviorofthethickwingat highlkch
numberswasmuchmoreerraticthanthatofthethinwing. Thisdiffer-
enceinbehaviorisillustratedby themotionrecordspresentedinfig-
ure5. Themotionofthethinwing(fig.5(a))followinga disturbance
decayedina fairlyregularmannertoverysma~ residualamplitudesat
aU.Machnumbers.Thethickwingjhowever,(fig.5(b))atMachnumbers
of 0.91andgreatir,exhibitedresidualoBcil&tionsofrandomlyvarying
amplitude.~ orderforthistypeofmotionto occur,themaielmust
havebeensubjectedtoa fluctuatingaerodynamicmomentorbuffeting.
Addingtrailing-edgestrips(fig.5(c))considerablyreducedtheseverity
of thebuffeting.

Thecomputationofthedampingcoefficientfroma testrecordis
basedontheassumptionthatno forcingmomentisappliedto themciiel
duringthetimecoveredbythepartoftherecordbeinganalyzed.The
existenceofbuffetingobviouslyintroducesa forcingmomentandmay,
therefore,causethecalculateddampingcoefficientstobe inerror.
Therecordsoffigure5(b)for M = 0.91and0.97,forexample,showa
buil@pofoscillationamplitudefromwhicha positive,orunstable,
dampingcoefficientwascalculated.Itispossible,however,thatthe
dampingmayhavebeenstableandtheobBervedoscillationsweremerely
theresponseofthemodelto thebuffetingexcitation.

CONCLUSIONS

lYromtheresultsoffree-osci~tionpitcldngtests.offour.wing
modelshavingan aspectratioof3.0and35°sweepback,thefollowing
conclusionsaredrawn:

1. Ingeneral,themodelconfigurationstestedshoweda markedloss
ofdampingimpitchat tiansonicspeeds.

2.A strongtendencywasobservedfora reciprocalrelationto
existbetweentherestoringmomentsd thedampingattransonicspeeds;
thatis, an increaseinrestoringmoment-S accomp~iedby a decrease
indsmping.
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3. Dampingresultsobtainedata Reynoldsnumberofabout0.5x 1($
wereinpooragreementwiththoseobtainedon largermodelsata Reynolti
number.ofabout4 x 106.

4. ThelowerReynoldsnuniberresultsindicatedthatminimumdamping
occurredataboutWch number1.0. As Wch numberwasincreasedfrom1.0,
thedampingtendedto improveslightly.HigherReynoldsnuniberresults
werenotavailableat theseMachnumbers.

5. Buffetingoccurredat anglesofattacknearzeroandMachnumbers
above0.91onthe10.5-percent-thickwingbutwasnotobservedonthe
6-percent-thickwing.
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TABLEI

COORDIIWITESQFAIRFOILSEC!TIOMS

[ 1Alldimensionsinpercentof streamwisewingchord
Upper-andlower-surfaceordinates

Station ,
Thickwing Thinwing

o 0
.587 ?.c96 .628
.880 1.323

● 759
1.466 1.669 .956
2.926 2.260 L 296
5.830 2.998 1.719
8.710 3.492 .2.002

IJ.568 3.863 2.215
17.215 4.393 ; 2.520
22.773 4.D2 2.723
28.241 4.995 2.862
33.620 5.149 2.952
38.9L2 5;232 3.000
44.u6 5.220 2.992
49.234
%.265

5.130 2.940
4.9C9 2.816

59.212 4.551
64.074

2.609
4.078 2.338

;.$~ 3.532 2.025
2.955 L 694

78:158 2.382 L 366
82.688 1.8-39 1.054
87.137 1.338 .767
91.504 .876 .502
95.792 .441

● 253
100.000 .021 .012

— —
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Figurel.-Dimensionsoftestmodels.Twovaluesgivenforthesame
dimensionpertainto thetwomodelsizes.AU dimensionsarein
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Figure~.- Selectedtestrecordsillustratingthe effectof buffetingon
motionof largemcdels.
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